The challenge of a deep-water oil leak is that a significant quantity of oil remains in the water column and possibly changes properties. There is a need to quantify the oil settled within the water column and determine its physical properties to assist in the oil recovery. There are currently no methods to map acoustically submerged oil in the sea. In this paper, high-frequency acoustic methods are proposed to localize the oil polluted area and characterize the parameters of its spatial covariance, i.e., variance and correlation. A model is implemented to study the underlying mechanisms of backscattering due to spatial heterogeneity of the medium and predict backscattering returns. An algorithm for synthetically generating stationary, Gaussian random fields is introduced which provides great flexibility in implementing the physical model of an inhomogeneous field with spatial covariance. A method for inference of spatial covariance parameters is proposed to describe the scattering field in terms of its second-order statistics from the backscattered returns. The results indicate that high-frequency acoustic methods not only are suitable for large-scale detection of oil contamination in the water column but also allow inference of the spatial covariance parameters resulting in a statistical description of the oil field.
I. INTRODUCTION
Prior to the oil accident of the Deepwater Horizon, the presence of oil in the sea was confined at shallow-water owing to either natural processes (e.g., biogenic oil) or human-induced pollution (e.g., oil slicks along shipping routes, blow outs from shallow water oil drills). Subsequently, the effort has been focused on monitoring and characterizing oil pollution on the sea surface. Remote sensing methods from satellites and aircrafts are efficient imaging methods of buoyant oil on the sea surface. 1, 2 The challenge of a deep-water oil leak encountered in the case of the Deepwater Horizon is that a significant quantity of oil remained in the water column after the cease of the discharge from the wellhead 3, 4 with serious environmental implications. [5] [6] [7] Much of the oil which was released into the water decomposed into stringy formations of viscous material which remained trapped, mixed with water, far below the sea surface; 3, 4 see Fig. 1 . Even though the mean values of the acoustic parameters, the compressibility, and density, of sea water and oil are approximately equal, weak scattering of acoustic waves (volume reverberation) can be observed in both areas due to random fluctuations of the acoustic parameters from their mean value. It is of interest to determine the physical properties of the new forms of oil and describe the spatial covariance of the submerged oil in order to monitor the degradation process.
Methods based on electromagnetic waves are inefficient for mapping submerged oil in the sea since the electromagnetic waves attenuate fast when traveling in water. Acoustic methods based on Doppler velocimetry which have been used 8, 9 to quantify turbulent flow of hydrocarbons are inefficient to quantify the submerged oil since they require knowledge of the exact position of the oil leak. Tracking of the submerged oil is mainly based on fluorescence and dissolved oxygen measurements and low-frequency acoustic 1 or seismic methods. 10 These methods can detect submerged oil plumes but they do not provide information about the spatial distribution of the stringy oil contaminants in the water. Highfrequency acoustic methods are promising since they can both overcome the optical opacity of the water and resolve the small-scale structure of the new forms of oil. Therefore, such methods can be used both to localize submerged oil fields and to characterize them in terms of their second order statistics.
The submerged oil in the water is modeled as a fluid medium with spatial heterogeneity, potentially exhibiting roughness at the interfaces with the water and possibly comprising inclusions of gas bubbles. Since the existence of submerged oil is controlled by the ambient density it is a reasonable assumption that the difference in the acoustic parameters between the two fluid media is small, producing weak scattering of the incident acoustic energy.
Several authors [13] [14] [15] [16] [17] have used the weak scattering approach to model monostatic backscattering from inhomogeneous sediments in the seafloor. Palmese and Trucco 13 incorporate the effect of volume reverberation from the seabed to their model of imaging embedded objects with a three-dimensional (3D) monostatic sonar configuration. Li 14 and Li et al. 15 model the monostatic backscattering from 3D volume inhomogeneities in shallow water ocean sediments.
Tang 16 and Ivakin 17 developed independently the theoretical framework for a unified approach to describe weak scattering due to interface roughness and volume inhomogeneities, i.e., spatial fluctuations of the compressibility and density, from ocean sediments. The unified approach is based on the assumption that the roughness can be described as a specific kind of spatial fluctuation around an otherwise horizontal interface. Ivakin 17 further assumes that the weak scattering approach is not restricted to small-scale roughness but it extends to arbitrary roughness as long as the difference in the parameters between the adjacent media is not large. The unified approach in modeling scattering from irregular media facilitates the description of cases where the effect of volume and surface scattering is comparable and potentially coherent.
In this paper the weak scattering approach is applied for modeling the backscattered returns from inhomogeneous substances in the water column. A random field generator is introduced to implement a physical model of the inhomogeneous media and high-frequency active sonar is selected to collect the backscattered returns. Relative to methods used in ocean acoustics, 14, 15 the random field generator 18 allows local perturbations of the modeled random field.
It is shown that high-frequency acoustics can be used to detect the submerged field and infer the parameters of its spatial covariance. Traditional methods describe weak scattering fields by comparing the statistical distribution of backscattering strength with known models. 12, 19, 20 An alternative method is proposed which allows the description of a stationary scattering field in terms of its second-order statistics without prior knowledge of its spatial covariance.
II. SCATTERING FROM INHOMOGENEITIES
Since the focus of this work is on modeling volume scattering, we undertake the derivation of the scattered pressure due to a region R in the medium with spatial heterogeneity in the acoustic parameters. The derivation follows the analysis by Morse and Ingard. 21 Assuming time-stationarity, the Helmholtz equation for the scattered acoustic pressure p due to inhomogeneities in the acoustic parameters is given by
where k ¼ x=c is the wavenumber, x ¼ 2p f is the radial frequency, c is the speed of sound, and
are the deviations of the model parameters, namely, of the compressibility and density, relative to their unperturbed mean values, j and q, respectively. The fluctuations vary in a statistical manner as a function of space.
Applying the Gauss-Green theorem, the Helmholtz equation takes the form of the integral equation,
where g is the Green's function and p i is the incident wave. The Green's function describes the sound pressure at an observation point r 0 due to a point source located at r and is given by
The time convention e ixt is implied and neglected for simplicity. For far field radiation the Green's function takes the form in Eq. (4), where r ¼ jrj,
The incident wave insonifies the region R. It emanates from a monopole located at the origin of the coordinate system out of the scattering region R and is given by Eq. (5),
where A is the pressure amplitude at a distance 1 m from the source, k is the wavenumber of the incident wave, and r denotes the location of the insonified point. The integral equation, Eq. (2), is exact and valid universally for parameter perturbations of arbitrary size. Discontinuous perturbation can also be handled with Eq. (2) since it does not involve gradients of the model parameters. 17 Nevertheless, solving Eq. (2) requires exact expressions of the Green's function and the sound pressure inside the scattering region R. The integral equation for the scattered wave can be solved analytically only for a few special cases (e.g., scattering by spheres). Alternatively it can be solved by variational methods or approximations. 21, 22 In the case of weak scattering, first-order scattering is assumed, thus Born's approximation is applied. Born's approximation implies that the sound pressure inside the scattering region is equal to the incident sound pressure neglecting the effect of higher-order scattering. 21, 22 The sound pressure observed at a remote position r 0 due to scattering from inhomogeneities in the acoustic parameters located at r within a region R is determined by inserting Eqs. (4) and (5) 
III. RANDOM FIELD GENERATOR
There are indications that the submerged oil extends throughout the water column as elongated formations of viscous material mixed with water and possibly with biological material. 3 Since the spatial distribution of scatterers due to dispersed oil varies in a complex way it is reasonable to model it as a random field of compressibility and density perturbations of the background medium with specified statistical properties.
In the absence of turbulence and for a short measurement interval, the random field is assumed to be spatially stationary and time-invariant. Stationarity can be exploited to develop a numerical method for synthetically generating random fields.
A. Methods for generating random fields
The term random field generator refers to an algorithm which utilizes uncorrelated normally distributed random numbers to generate more complex random fields with specific spatial covariance characteristics. 18, 23, 24 In principle, the algorithm generates a stationary random field, e, by adding a convolution of a random Gaussian field, n, with a decomposition of the underlying covariance function, w, to the mean value, m,
Several statistical methods have been proposed for synthetically generating random fields which differ in the implementation of the convolution in Eq. (7) . Using the Cholesky decomposition of the covariance matrix, 25, 26 the convolution is calculated by multiplying the lower triangular matrix by a vector of random uncorrelated numbers. The moving average (MA) method 27, 28 offers an alternative implementation of the covariance decomposition. In this method, the covariance function is expressed as a convolution product of two mirror symmetric functions. The function resulting from the decomposition of the covariance function is further convolved with a set of uncorrelated random numbers on the field grid. The drawback of this method is that it is generally difficult to determine the decomposition function. 18, 27, 28 Spectral methods perform the convolution in the spectral domain using the fast Fourier transform (FFT) algorithm. 14, 15, 23, 24 The spectral methods are based on the fact that, for a stationary random field, the Fourier transform connects the covariance function, CðhÞ, with its spectral equivalent, the power spectrum, SðkÞ, where h and k are vectors denoting the lag and spectral distance, respectively, 29, 30 CðhÞ ¼ hðrÞðr þ hÞi
Since a convolution in the spatial domain is equivalent to a product in the spectral domain and the Fourier transform of a real and even function is also a real and even function, the decomposition of the power spectrum is symmetric and can be calculated by its square root. Thus, the spectral methods generate random fields subject to specific covariance characteristics by multiplying the square root of the power spectrum by a set of complex Gaussian numbers, N $ CN ð0; 1Þ, where CN ð0; 1Þ denotes the standard complex normal distribution. Spectral methods perform the computations efficiently due to the FFT algorithm. However, equidistant grids are required. Besides, care should be taken on the selection of the random numbers generated in the spectral domain to obtain real-valued fields in the spatial domain. 14, 15, 18, 23, 24 B. The FFT-MA generator
The numerical method used herein to generate discrete, stationary, random fields for the perturbations is called the fast Fourier transform-moving average (FFT-MA). 18 The FFT-MA method combines the advantages of the spectral methods and of the MA approach. It performs the computations in the spectral domain using the efficient FFT algorithm while preserving the generation of the random numbers in the spatial domain as in the MA framework,
Briefly, the steps of the FFT-MA random field generator algorithm involve:
(1) Calculation of the discrete covariance function CðhÞ on a spatial grid with spacing at least half of the characteristic length in each direction; see Sec. III C. It is important to perform the discretization symmetrically to obtain a real and even covariance function. Zero-padding at least to the extent of a characteristic length is required to avoid wrap-around effects. (2) Generation of Gaussian random numbers from the standard normal distribution on the spatial grid nðrÞ $ N ð0; 1Þ.
(3) Fourier transform CðhÞ and nðrÞ to obtain the power spectrum SðkÞ and the spectral representation of the random numbers NðkÞ, respectively. Since CðhÞ is real and even, SðkÞ is real and even as well. (4) Computation of the square root of the power spectral density as in spectral methods GðkÞ ¼ ffiffiffiffiffiffiffiffiffi SðkÞ p . (5) Inverse Fourier transforms the product GðkÞNðkÞ giving the convolution product gðrÞ Ã nðrÞ. (6) Generation of the random field ðrÞ ¼ mðrÞ þ gðrÞ Ã nðrÞ according to the MA framework.
Compared to spectral methods the generation of the random numbers in the spatial domain allows local perturbations which will practically affect the field values on the grid to the extent of the correlation length. This is not possible in spectral methods where changing a random number in the spectral domain affects the whole spatial domain. Similar to the spectral methods, the FFT-MA algorithm requires regular grids in each direction (i.e., equidistant spacing) in the spatial domain.
C. Covariance models
The implemented FFT-MA algorithm can generate onedimensional (1D), two-dimensional (2D), or 3D random fields with a Gaussian, Eq. (10) 
where h ¼ jhj is the lag distance (isotropic case), r 2 ¼ Cð0Þ is the variance, and l is the characteristic length. The spherical covariance function becomes zero at a distance equal to the characteristic length. The Gaussian and exponential covariance functions reach the zero value asymptotically and have decayed by 95% at a distance equal to the characteristic length. Figure 2 compares the three covariance models in the isotropic case. For short lag distances near the origin the Gaussian model has a parabolic behavior, suitable for modeling regular phenomena due to the smooth decay, while the exponential and the spherical model decay linearly. 32 In the multidimensional case, the implemented FFT-MA algorithm can generate fields with geometric anisotropy as well. 31 In this case, the characteristic length is directiondependent. A linear coordinate transformation involving a rotation and a scaling is used to include anisotropy in the expressions of Eqs. (10)- (12). 32 
D. Examples
A variety of covariance models can be used to determine the spatial properties of the generated field. In modeling this gives flexibility in representing different qualities of the field as smoothness or irregularity, isotropy or anisotropy. Figure 3 shows realizations of 2D anisotropic random fields with Gaussian, exponential, and spherical covariance. The field with a Gaussian covariance exhibits smooth characteristics while the field with an exponential covariance is more irregular.
The random numbers and the covariance parameters are dissociated and can be altered either separately or simultaneously. This is possible since the generating field is Gaussian and the resulting field is a linear transformation of the Gaussian field. The separation of the random and covariance parameters gives great flexibility which is useful for inverse methods. Figure 4 shows realizations of 2D anisotropic fields with Gaussian covariance generated by retaining the set of random numbers and altering the characteristic length. As the characteristic length increases the spatial features are merged to larger formations but they appear at the same location.
The ability not only to alter the set of random numbers separately from the covariance parameters but also to perform local alterations is the main improvement of the FFT-MA algorithm with respect to spectral methods. This is due to the generation of random numbers in the spatial domain. Figure 5 exhibits the effect of a local alteration of the random set.
In conclusion, the FFT-MA algorithm provides an efficient and flexible method for implementing physical models of random fields.
IV. MODELING AND DETECTION OF VOLUME INHOMOGENEITIES
The random field generator and the propagation model are the necessary tools in simulating backscattered returns from weak scatterers. After choosing a receiving configuration, the backscattered returns are post-processed using beamforming to localize the scattering region from the received signals.
Active sensing (i.e., a pulse is used to insonify the area of interest) and a monostatic configuration (i.e., the transmitter and the receiver array are collocated) are considered here. A multibeam sonar is chosen as the transmitting and receiving configuration. though Hamming weighting degrades the angular resolution of the beamformer, it is chosen since it significantly suppresses the maximum sidelobe level from À13 dB with uniform weighting to À43 dB. Sound attenuation due to dissipation in sea water is accounted for by introducing an imaginary part to the acoustic wavenumber. 11 The absorption coefficient is calculated according to the Francois-Garrison equation. 35, 36 The attenuation is attributed to absorption from pure water and from the chemical relaxation of magnesium sulfate which is the main absorption mechanism at frequencies within the range of 10 to 500 kHz. The absorption coefficient is a ¼ 50 dB/km for salinity 35 ppm, temperature 6 , pH 8, depth 50 m, and frequency 200 kHz, corresponding to a sound speed of 1470 m/s. Even though the absorption for the oil contaminants is expected to be larger, the excess of attenuation is neglected since the sound propagates mainly into sea water.
Dynamic focusing is considered to relate the focusing distance with the travel time (r ¼ ct=2), resulting in an infinite depth of field. 37, 38 Time-varied gain (TVG) is applied to compensate for spreading loss and absorption making the received signals independent of the scatterer's distance. This corresponds to multiplication of the received signals, p r , with a range dependent function f ðrÞ ¼ r 2 e a2r . In the presence of additive ambient noise, p r ¼ p s þ n, the application of TVG to the received signals is expected to amplify not only the signal, the scattered pressure p s , but also the noise with increasing range. Nevertheless, ambient noise is neglected since the scattered pressure, Eq. (6), is much higher than additive noise in the received signal due to the high source level and the high-frequency considered.
Since the transmitter of the sonar has a narrow directivity pattern in the along-track plane, only the 2D across-track plane is modeled. The model grid extends horizontally from For acquiring a 3D image, a planar array is required, increasing the complexity of the processing. In this case sparse arrays is an option.
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A. Volume heterogeneity A 2D field of volume inhomogeneities is considered representing the water column with a region of contamination characterized by a different covariance structure than the rest of the field. 3 The average compressibility and density are constant throughout the field.
It is often assumed that the compressibility fluctuations are proportional to density fluctuations with a position- independent proportionality factor. 19 Besides, compressibility fluctuations are larger than density fluctuations in fluids. 22 Therefore, only compressibility fluctuations are considered in the model of volume reverberation.
The selection of the parameters is somehow arbitrary due to lack of experimental information. For the pure water region an isotropic Gaussian covariance model [Eq. (10) ] is selected with variance r 2 j ¼ 0:001 and characteristic length l ¼ 0:1 m. The contaminated region is expected to have a higher viscosity and present layering due to oil/water interface tension. 40 Therefore, an anisotropic spherical covariance model is selected for the contaminated region with variance r 2 j ¼ 0:01, major characteristic length l max ¼ 2 m occurring in the horizontal direction and minor characteristic length l min ¼ 0:5 m occurring in the vertical direction. Figures 6(a) and 6(b) show the insonified area and the beamformer output.
Figures 6(c) and 6(d) show another case where the inhomogeneous fields in the two regions differ only in the characteristic lengths. Namely, the pure water region is described by an isotropic Gaussian covariance model with variance 
B. Surface roughness
Based on the unified formulation 16, 17 scattering from surface roughness is modeled as a special case of spatial heterogeneity. Equation (6) is used to calculate the scattered pressure attributed to surface roughness. In this case the covariance characteristics of the roughness at the interfaces are described by a 1D Gaussian covariance model with a variance of r 2 ¼ 0:01 and a characteristic length of l ¼ 0:1 m. Figure 7 shows the insonified area in the case of two distinct anomalous interfaces and the beamformer output.
C. Small gas bubbles
Exact formulas can be derived for the scattered pressure from spheres owing to their simple geometry. When the wavelength is long relative to the diameter of the sphere, the Born approximation is valid and the expressions can be simplified for simple scattering. The focus here is on light compressible spheres like gas bubbles in water or oil, for which the compressibility is larger, j g > j, and the density is much smaller, q g ( q, than the corresponding values of the ambient fluid. Following Ref. 21 , the scattered pressure at r 0 due to a gas sphere at r with radius a smaller than the wavelength of the insonifying wave is approximated by Figure 8 shows the beamformed backscattered returns from 10 3 bubbles with radius a ¼ 0:5 mm randomly distributed within the observation grid. The ratio of compressibilities is j g =j ¼ 10
4 since the compressibility of water is on the order of j ' 10 À10 Pa À1 and of air is on the order of j g ' 10 À6 Pa À1 .
V. INFERENCE OF SPATIAL COVARIANCE PARAMETERS
In an acoustic backscattering model of volume inhomogeneities, a statistical description of the field is more appropriate than a deterministic description due to the complex structure of the inhomogeneities. 30, 41 Besides, a deterministic description of the field has less to offer when the interest is in studying volume reverberation in a medium where there is flow, such as in the water column.
Typically, volume reverberation is described by the statistical distribution of the backscattering strength. The backscattering strength is defined as the ratio of the scattered intensity to the incident intensity per unit volume in dB. 11, 12, 30, 42, 43 This measure is widely used in sonar applications concerned with target detection and identification 44, 45 or with the remote classification of weak scattering mechanisms such as seafloor sedimentation by comparison to known models. 12, 19, 20 The backscattering strength is proportional to the cross spectral density thus related to the statistical properties of the field. 20, 44, 46 However, for narrowband measurements the backscattering strength provides a single measure and additional information for covariance parameters are required to relate the spatial variation of the scattering field to a covariance model. Herein, an alternative method is proposed to infer the covariance parameters of the scattering field directly from the beamforming reconstruction without using prior knowledge on the spatial covariance.
Using the Fraunhofer approximation, the range in the phase term of the far field expression of the Green's function [Eq. (4)] can be approximated by the first-order terms of a second-order binomial expansion, 37 jr 0 À rj % r Àr Á r 0 ;
where r ¼ jrj andr ¼ r=r is the unit vector in the direction of the scatterer's location. 
where r is the radial distance of focus and vðhÞ ¼ e ikx q sinðhÞ . Applying conventional beamforming with Hamming weighting to the received signals, the beam associated with the steering angle h f at radial distance r is
where w H is the vector of the Hamming weights, † denotes conjugate transpose, and denotes element-wise multiplication.
Introducing the beam pattern as a function of the arrival angle h when the array is steered at h f ,
the beam b f ðh f ; rÞ is expressed as
Thus the beamformer output normalized by the maximum value in the beamforming reconstruction is connected to the field values as
According to Eq. (20) , the square root of the beamformer output at a point on the beamforming grid contains the contribution of all the field values on the radial distance of focus, j ðh; rÞ, weighted by the beam pattern. However, the more the beam pattern resembles a delta function, the more the square root of the beamformer output, bðh f ; rÞ, will be proportional to the corresponding field value, j ðh f ; rÞ. Thus, the parameters of the spatial covariance of a field of volume inhomogeneities can be estimated by the statistics of the square root of the beamforming output.
For a stationary random process, u, the discrete spatial covariance function can be estimated from a finite number of samples, N, as 
where g ¼ 0; 1; :::; N À 1, u ¼ 1=N P N i¼1 u i is the sample mean and denotes an estimate.
For a 2D field the sample covariance estimate iŝ
where N x , N z denote the number of sample grid points in the x and z directions, dx, dz are the corresponding grid spacings, n ¼ 0; 1; :::; N x À 1, f ¼ 0; 1; :::; N z À 1 and h x ¼ ndx, h z ¼ fdz are the lag distances in the x and z directions, respectively. In order to obtain the beamformer values on the sample grid in Cartesian coordinates, b c ðx; zÞ, interpolation is used based on the nearest neighbor method.
Covariance sample estimates are calculated for the field in For the contaminated region (Fig. 9 ) the sample covariance provides good estimates of the characteristic lengths in both directions since the characteristic lengths exceed the resolution. Contrary, at the sea-water region (Fig. 10 ) the characteristic length is smaller than the resolution in the x direction of the beamformer, thus the estimate does not reflect the actual values of the parameter but rather the resolution limits; note the scale difference on the h x axis.
VI. CONCLUSION
Detection and characterization of submerged oil in the sea water is studied with a model of backscattering from volume inhomogeneities. The physical model for the submerged oil is represented as a random field of compressibility fluctuations which exhibits stationary spatial correlation. A random field generator based on the FFT-MA approach is introduced to implement the physical model. The proposed algorithm provides great flexibility in different modeling scenarios. An active, high-frequency, monostatic sonar is selected to insonify the medium and collect the backscattered returns. The random field is localized with beamforming and inference of spatial covariance is based on the statistics of the beamforming reconstruction.
The simulation results indicate that inference of the spatial covariance parameters is possible with high-frequency acoustics, providing a quantitative statistical description of the random field. Nevertheless, the reconstructions are subject to resolution limitations of the sonar. The use of high frequencies, resulting in narrow beam widths, improves the resolution and allows the detection of small scale characteristics. On the other hand, the use of high frequencies requires challenging sonar designs with high power demands, since high-frequency sound attenuates fast when propagating in the water, and small interelement spacing.
